Introduction
The most common childhood malignancy is B-cell precursor leukemia (BCP-leukemia) and it is the second most common adult acute leukemia. 1, 2 In patients with BCP-leukemia, the remission rate is relatively high. However, the disease often relapses in the central nervous system and other organs. Previous studies showed that injection of BCP-leukemia cells into severe combined immunodeficient (SCID) mice caused invasion of peripheral organs and engraftment of leukemia cells, and resulted in death within 4-6 weeks. 3, 4 In contrast, mature B-cell chronic lymphocytic leukemia (B-CLL) cells failed to invade SCID mouse organs and engraft, and the cells generally survive for less than 2 weeks. 3, 4 Therefore, inhibition of the infiltration may improve the treatment outcome of patients with BCP-leukemia.
Cell surface selectin ligands including sialylated Lewis antigen with Galb1,4GlcNAc backbone (sLeX) have been shown to play an important role in cell adhesion, migration and infiltration. [5] [6] [7] sLeX expression level on adult T-cell leukemia cells significantly correlated with their extravascular invasion. 8 We have also demonstrated that sLeX was expressed in BCP-leukemia cell lines, 9, 10 and that the expression correlated well with the level of UDPGlcNAc:Galb1,3GalNAc (GlcNAc to GalNAc) b1,6-N-acetylglucosaminyltransferase-1 (core 2 GlcNAc-transferase-1; C2GnT-1). 10 C2GnT catalyzes core 2 O-glycan branching and plays a key role in functional O-glycan biosynthesis. 11 During T-cell activation, induction of C2GnT expression is critical for the selectin ligand biosynthesis required for leukocyte recruitment to sites of inflammation.
12
C2GnT-1 gene knockout mice show a partial deficiency of selectin ligand and a marked reduction in leukocyte-endothelial cell adhesion. 13, 14 Therefore, we speculate that downregulation of C2GnT-1 expression suppresses selectin ligand expression and inhibits tissue infiltration of BCP-leukemia cells. In the present study, we have taken the overexpression approach of antisense cDNA to elucidate the function of the endogenous C2GnT in human BCP-leukemia cells. We found that antisense C2GnT-1 transfection significantly reduces the selectin ligand expression level and cell adhesion capability in BCP-leukemia KM3 cells. Migration ability into mouse peripheral organs was reduced significantly in the antisense transfectant. Thus, C2GnT-1 regulates selectin ligand expression, and downregulation of the expression is effective for inhibition of tissue infiltration of BCP-leukemia cells.
Materials and methods

Cells, cell lines and cultures
Human BCP-leukemia cell line KM3, NALL-1, Nalm-1, Nalm-6, Reh and Burkitt's lymphoma cell line Raji were cultured in RPMI1640 medium supplemented with 10% (v/v) fetal calf serum. 10 After appropriate informed consent was given, cord blood (CB) was drawn from umbilical cords of cesarean section and normal full-term deliveries. Mononuclear cells (MNCs) were enriched by Ficoll density gradients and subjected to analysis. Bone marrow (BM) derived MNCs were purchased from AllCells (Berkeley, CA, USA).
Flow cytometry analysis and cell sorting
The level of sLeX expression was detected by the reactivity of anti-sLeX antibody, CSLEX1 (ATCC HB 8580). 10 Binding ability with E-and P-selectins was detected by recombinant E-and P-selectin-human immunoglobulin-chimeras (E-selectin-Ig and P-selectin-Ig, R&D systems, Oxon, UK). 15 Human CB-or BM-MNCs were triple-stained with FITC-conjugated anti-CD10, PE-conjugated anti-CD21 and APC-conjugated anti-CD19 antibodies (Becton Dickinson, San Jose, CA, USA). After staining,
þ /mature B cells were sorted. Flow cytometry analyses and cell sorting were performed by FACS (Becton Dickinson).
Plasmid preparation and transfection
A 0.5 kb fragment of human C2GnT-1 cDNA containing a part of 5 0 -untranslated region (from À18 to þ 501) was prepared by PCR using a primer pair 5 0 -ggg-gaa-ttc-ccc-tga-tta-ttg-ttt-gaa-atgctg-3 0 (forward) and 5 0 -ggg-gaa-ttc-cat-cac-tgc-agc-taa-ata-ggaatc-3 0 (reverse) and a template pCR3-C2GnT-1. The product was digested by EcoRI and ligated in an antisense orientation into mammalian expression vector pCR3 (Invitrogen, Carlsbad, CA, USA) and designated pCR3-1TnG2C. The plasmid pCR3-1 TnG2C was transfected into KM3 cells by electroporation method as described, 9 and transfectants were selected by limiting dilution in the presence of G418 (Invitrogen). Among them, three clones expressing the highest exogenous transcript were chosen and designated KM3/2d2, KM3/5c1 and KM3/6d1. The transfected cell line with pCR3 vector alone, KM3/m1e3, was also prepared.
Gene expression analysis
The amount of C2GnT-1, -2 and -3 and b-actin transcripts was determined by real time PCR analysis. Primer sets and probes except for b-actin were as follows: C2GnT-1 forward, 5 0 -gac gttgctgcgaagg-3 0 ; reverse, 5 0 -ccaagtgtctgacacttaca-3 0 ; probe,
0 . 16 Primers and a probe for b-actin were purchased from Applied Biosystems (Foster City, CA, USA). PCR products were continuously measured with PRISM 7700 (Applied Biosystems). Semi-quantitative RT-PCR was also carried out as described previously 10 using primer sets for GDPFuc:NeuAca2,3GalbGlcNAc a1,3fucosyltransferase-VII (FucT-VII), CMPNeuAc:lactoneotetraose a2,3sialyltransferase-IV (ST3Gal-IV) and glycelaldehyde-phosphate dehydrogenase (GAPDH).
RNA blot analysis was performed to detect C2GnT-1 expression. Total cellular RNA was extracted by guanidinium thiocyanate/CsCl method. Poly(A)-tailed RNA was prepared using oligotex(dT) (Takara, Kyoto, Japan). After agarose gel electrophoresis containing formaldehyde and transfer to nylon membrane Biodyne B (Nippon Genetics, Tokyo, Japan), prehybridization and hybridization were performed at 601C in a 0.25 M sodium phosphate buffer containing 0.25 M NaCl, 50% formamide, 7% sodium dodecyl sulfate, 7% polyethylene glycol 8000, 1 mM EDTA and 1 mg/ml poly(A) RNA homopolymer. Antisense hybridization riboprobe was synthesized using riboprobe transcription kit (Promega, Madison, WI, USA) and pCR3-1TnG2C template. The plasmid was linearized by XhoI to synthesize the antisense strand by T7 DNA-dependent RNA polymerase.
C2GnT activity
Enzyme activity for C2GnT was assayed using p-nitrophenyl (PNP) oligosaccharide (Galb1,3GalNAca1PNP, Toronto Research Chemicals, Toronto, Canada) as described. 9 Low-shear-force cell adhesion assay Adhesion study was conducted as described previously. 6, 17 Briefly, E-or P-selectin-over-expressed CHO cells, designated CHO-E or CHO-P, respectively, were cultured in monolayer in 24-well plates. After the addition of KM3 cells (8 Â 10 5 cells/ 0.5 ml/well) labeled with 2 0 ,7 0 -Bis(carboxyethyl)-5,6-carboxyfluorescein acetomethylester (BCECF-AM), the plate was incubated on the horizontal rotator at 100 rpm for 20 min at 371C. Nonadherent cells were washed out three times with phosphatebuffered saline containing Ca 2 þ and Mg 2 þ , the cells were lysed with 0.5% Nonidet P-40, and the attached cells were counted by measuring fluorescence using an Arvo 1420 multilabel counter (Perkin Elmer, Inc., Wellesley, MA, USA).
Migration assay into mouse peripheral organs
Ten million KM3 cells were injected into nonobese diabetic/ severe combined immunodeficient (NOD/SCID) mice (Central Institute for Experimental Animals, Kawasaki, Japan) in the tail vein after sublethal irradiation with g-ray ( 60 Co, Gamma cell, Norton International, Kanata, ON, Canada).
18,19 At 6 h after injection, the mice were sacrificed and nucleated cells were collected from liver and bone marrow. 19, 20 The cells were stained with APC-Cy7-conjugated anti-human CD45 antibody (Becton Dickinson) and human-CD45 þ cells were counted by flow cytometry analysis.
Expression of C2GnT gene family transcripts in B-lineage cells
Expression of C2GnT gene family transcripts was determined in KM3, Raji, primary pre-B and primary mature-B cells. Real time PCR analysis revealed significant expression of C2GnT-1 transcript (Figure 1b ). In contrast, the level of C2GnT-2 and -3 transcripts was very low. In another B-lineage cell lines, NALL-1, Nalm-1, Nalm-6 and Reh, only C2GnT-1 expression was detected among the three isoforms of C2GnT gene family (data and recombinant human E-selectin-Ig or P-selectin-Ig. As for the O-sialoglycoprotein endopeptidase (OSGPEP, Cedarlane, Ontario, Canada) treatment, KM3 cells were cultured with 100 mg/ml of OSGPEP for 24 h. 21 Burkitt's lymphoma cell line Raji cells were used for the negative control. Left column; The reactivity with anti-sLeX antibody CSLEX1 is shown. Black and gray histograms represent the reactivity in the presence (Ab( þ )) or absence (Ab(À)) of the first antibody CSLEX1, respectively. Middle and right columns; The reactivity with 1 mg/ml of E-or P-selectin-Ig is shown. Black and gray histograms represent the reactivity in the presence of 1 mM CaCl 2 (Ca 2 þ ) and 10 mM EDTA (EDTA), respectively. The reactivities were visualized with APC-Cy7-conjugated streptavidin, biotin-conjugated anti-mouse IgM antibody, and biotin-conjugated anti-human immunoglobulin antibody (Becton Dickinson). The data were representative of the three experiments. (b) The amount of C2GnTs was determined by real time PCR analysis in KM3, Raji, CD19
þ /primary mature-B cells, and normal colon and thymus. b-actin transcripts were also detected to normalize the amount of RNA in each sample. The value of C2GnTs/b-actin was exhibited. Solid bar indicates C2GnT-1, gray bar; C2GnT-2 and open bar; C2GnT-3, respectively. The s.e. of the mean of three independent experiments are shown.
Suppression of tissue infiltration
correlated with sLeX expression in the B-lineage cell lines. 10 Also in the present study, C2GnT-1-positive KM3 cells exhibited selectin binding but C2GnT-1-negative or -low Raji cells did not (Figure 1a) . In primary cells, C2GnT-1-positive pre-B cells revealed selectin binding ability but C2GnT-1-negative or -low mature-B cells did not (data not shown).
We have detected the transcripts of C2GnT-1, -2 and -3 in colon and thymus as positive controls. 22, 23 C2GnT-1 and -2 were detected in the colon, and C2GnT-1 and -3 were in the thymus (Figure 1b) . These results were in a good agreement with the previous reports. 22, 23 Therefore, it was confirmed that the real time PCR system detected quantitatively the expression of C2GnT-1, -2 and -3.
Suppression of selectin ligand expression in C2GnT-1 antisense cDNA-transfected KM3 cell sublines
We tried to suppress the C2GnT-1 message expression by transfecting antisense C2GnT-1 cDNA into KM3 cells. Several stable transfectants were obtained and established. Then, three clones with the highest exogenous transcript expression were chosen (clones KM3/2d2, 5c1 and 6d1). sLeX expression was significantly downregulated, compared to KM3/mock cells (clone KM3/m1e3) ( Figure 2A ). The mean fluorescence intensity (mean7s.d.) of the antisense transfectants was 464.77121.6, whereas the KM3/m1e3 was 1165.57119.5. Ca 2 þ -dependent binding ability with E-and P-selectins also reduced in the antisense-transfected KM3/2d2 cells, while substantial binding was exhibited in KM3/m1e3 cells ( Figure 2B ). In the other transfectants, KM3/5c1 and KM3/6d1 cells, the binding ability were reduced significantly as well as KM3/2d2 cells (data not shown). The reactivity to mouse selectins was also reduced in the antisense transfectants (data not shown).
C2GnT enzymatic activity and expression of the glycosyltransferase transcripts
Enzymatic activity synthesizing core 2 structure was decreased significantly in antisense transfectant KM3/2d2 cells. The activity reduced from 325.2740.3 (pmol/mg protein/h) of KM3/m1e3 cells to 115.2715.3 (pmol/mg protein/h) of KM3/2d2 cells.
C2GnT-1 mRNA content was ascertained using RNA blot analysis with an antisense riboprobe. Relative intensity of C2GnT-1 mRNA in KM3/2d2 cells compared with the corresponding GAPDH mRNA level was reduced to about 20-35% of that in KM3/m1e3 cells. (Figure 3a) . To exclude the possible reduction of the other key glycosyltransferase expression by the transfection, we analyzed the transcript level of FucTVII, ST3GalIV and GAPDH in the transfected sublines. Semiquantitative RT-PCR analysis revealed that the transcripts were strongly expressed and showed no significant decrease after antisense C2GnT-1 cDNA transfection (Figure 3b) . Consequently, it was suggested that suppression of selectin ligand expression level was caused by the overexpression of antisense C2GnT-1 gene.
E-or P-selectin dependent cell adhesion analysis
The E-or P-selectin-dependent adhesion capability of KM3 sublines was examined using CHO-E and CHO-P cells. As shown in Figure 4 , the KM3/m1e3 cells exhibited significant adhesion capability with both CHO-E and CHO-P cells. In contrast, the adhesion reduced significantly in the antisense transfectant KM3/2d2 cells. The adherent cell number with CHO-E cells revealed a 50% reduction of the KM3/m1e3 cells. Also the cell number with CHO-P cells reduced to be almost equal to the KM3/m1e3 cells in Ca 2 þ -free condition. Anti-Eselectin monoclonal antibody blocked the adhesion of KM3/ m1e3 cells with E-selectin expressed cells (data not shown). 
organs
We examined migration ability of the KM3 sublines into mouse liver and bone marrow. At 6 h after injection of KM3/m1e3 cells into irradiated NOD/SCID mice, a substantial number of human CD45 þ cells were observed in liver and bone marrow, but not in the control mice (Figure 5a ). The cell number reduced significantly in the mice injected with antisense transfectant KM3/2d2 cells (Figure 5a and b). Significant reduction was also observed in KM3/5c1 or KM3/6d1 cells as well as KM3/2d2 cells (Figure 5b ). Also the cell number reduced in the injection of KM3/m1e3 cells treated with O-sialoglycoprotein endopeptidase (OSGPEP) (data not shown). These results suggest that downregulation of selectin ligand expression level reduces the migration ability of leukemia cells into peripheral organs. To rule out the possible reduction of survival rate in vivo in the antisense transfectants, we conducted Annexin V and propidium iodide staining of the recovered human CD45 þ cells from Low shear force cell adhesion analysis. Adhesion of KM3 cells labeled with BCECF-AM was examined on CHO cells overexpressed with E-or P-selectin (designated CHO-E or CHO-P cells, respectively) under low shear stress. Solid bar indicates adherent cell number with CHO-E cells and gray bar indicates with CHO-P cells, respectively. The value is expressed as an average7s.e. of the means of three experiments. Asterisk (n) indicates Po0.05. Figure S1 ).
Discussion
Antisense C2GnT-1 transfection resulted in significant suppression of E-/P-selectin binding activity in KM3 cells. The suppression was accompanied by the loss of sLeX expression and significant reduction of C2GnT-1 enzyme activity in the antisense C2GnT-1 transfectants. Also, in previous reports, we found that C2GnT-1 mRNA expression level strongly correlated with its enzyme activity during differentiation induction of KM3 cells and activation of tonsillar B cells. 9, 10, 24 These results suggest that the activity of C2GnT is regulated by C2GnT-1 at the transcriptional level in BCP-leukemia cells. Besides antisense approaches, a short interfering RNA (siRNA) technology has emerged as a versatile tool for loss-of-function analysis in the mammalian cells as well as in the lower species. 25 Also in our system, siRNA was useful for analyzing the function of glycosyltransferases and regulating the cell surface carbohydrate antigens. 16 Further elucidation of selectin ligand biosynthetic mechanisms would be facilitated by such loss-of-function analyses including antisense and siRNA technologies.
P-selectin glycoprotein ligand-1 (PSGL1), one of the O-sialoglycoproteins, is known to be a major P-selectin ligand in lymphocytes. 6 We have previously shown that KM3 cells did not express PSGL1. 9 In the present study, we have revealed substantial binding ability with P-selectin as well as E-selectin in KM3 cells. Our results suggest that BCP-leukemia KM3 cells express O-silaoglycoproteins other than PSGL1. Identification and characterization of the O-sialoglycoprotein in pre-B cells should be carried out in the future.
Similar to leukocytes, leukemia cells adhere and migrate into peripheral organs in a multistep process involving sequential interaction with adhesion molecules. [26] [27] [28] Chemokine and chemokine receptor, stromal cell-derived factor-1 (SDF-1) and CXCR4, were shown to have a pivotal role in cell adhesion, transendothelial migration, and tissue infiltration of leukemia cells. 19, [26] [27] [28] BCP-leukemia cells also expressed CXCR4 and infiltrated into peripheral organs through SDF-1-induced activation. 26, 29, 30 On the other hand, Naiyer et al 31 reported that SDF-1 expression and SDF-1-induced transendothelial migration were initiated by tethering of CB-CD34 þ cells through interaction with E-selectin on endothelial cells. The present study revealed selectin-dependent cell adhesion capability and CXCR4 expression in KM3 cells (see Supplementary Figure S2 ). Selectindependent cell adhesion may initiate SDF-1-induced transendothelial migration and tissue infiltration of BCP-leukemia cells in vivo. As the CXCR4 expression was not reduced in the antisense transfectants (see Supplementary Figure S2 ), suppression of the selectin-dependent adhesion might also inhibit SDF-1-induced transendothelial migration. Our present results suggest that the downregulation of selectin ligand expression level must be effective for inhibition of tissue infiltration of BCP-leukemia cells. Antisense cDNA or siRNA targeting the C2GnT-1 may be useful for the treatment of BCP-leukemia.
Conclusion
In conclusion, we demonstrated that BCP-leukemia KM3 cells expressed selectin ligand on O-sialoglycoproteins. Transfection of antiense C2GnT-1 cDNA resulted in a significant reduction of selectin ligand expression and selectin-dependent cell adhesion. Migration ability into mouse peripheral organs was reduced significantly in the antisense transfectant. These results suggest that selectin ligand expression was regulated by C2GnT-1, and downregulation of the selectin ligand expression level may be effective for inhibition of tissue infiltration of BCP-leukemia cells. C2GnT-1 may be a candidate of therapeutic target for the inhibition of infiltration of leukemia cells.
